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Abstract: Thermal conductivity, water retention curve and swelling behavior of two MX80 bentonite samples were studied in 
the present work. The difference obtained from these two MX80 bentonite samples was then analyzed in terms of mineralogical 
effects (effects of the proportion of quartz and montmorillonite). It was concluded that the mineralogical effect was significant on 
the thermal conductivity and the swelling capacity; on the contrary, it was negligible on the water retention property. 
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1  Introduction  
In the concept of high-level nuclear waste reposi- 
tories, compacted bentonite is usually proposed as a 
material for engineered barrier. In this condition, the 
soil is subjected to hydration by water coming from the 
host rock, to heating by the nuclear waste canisters, to 
stresses generated by the swelling properties of itself, 
etc.. Study on this clay under these hydraulic, thermal 
and mechanical solicitations is then important for the 
conception and the realization of the repositories. 
Several bentonites were proposed for this purpose: 
Kunigel V1 from Japan, MX80 from USA, Montigel 
from Germany, FoCa7 from France, Avonseal from 
Canada, etc.. These bentonites are composed mainly of 
montmorillonite (>50% in mineral composition), which 
gives their high plasticity. Works on different bentonites 
showed difference in hydraulic, thermal and mechanical 
properties of these plastic clays. The effects of 
mineralogy, soil structure, and exchangeable cations 
caused these differences.  
Marcial et al. [1] studied the water retention 
properties and the compressibility of three bentonite 
samples including MX80, FoCa7 and Kunigel V1. 
Besides the effect of exchangeable cations, the effect 
of mineralogy was also deduced: the higher the 
proportion of montmorillonite, the higher the water 
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retention capacity. Madsen [2] noted that the water 
retention curves of two bentonites (MX80 and 
Montigel) had similar montmorillonite content (70% 
5%). Their swelling potential was also similar. 
Coulon et al. [3] measured the thermal con- 
ductivity of 18 smectite clays from 14 deposits. They 
observed that this parameter depended not only on the 
water content, the dry density, and the microstructure 
of soil samples, but also on the mineralogical 
composition of the clay. Tang et al. [4] specified that 
the thermal conductivity of compacted bentonite 
depended mainly on the composition of quartz, which 
has a thermal conductivity much higher than that of 
other minerals.  
In the present work, MX80 bentonite samples 
provided by two companies were used. The water 
retention properties, the swelling properties and the 
thermal conductivities of these two bentonite samples 
were determined. Experimental results were finally 
analyzed to make clear the effects of mineralogical 
composition on the hydraulic, mechanical and thermal 
properties. 
 
2  Materials 
 
MX80 bentonite from Wyoming in USA, was 
considered as a reference buffer material for the study 
of high-level nuclear waste repositories in several 
countries. Two types of MX80 bentonites were 
analyzed in the present work: one provided by the 
Cetco France Company (France) in 1999 and named 
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MX80a; the other by the Cetco Europe Company 
(England) in 2004 and named MX80b. The provided 
clays were in form of powder in bags of 25 kg. After 
reception in laboratory, the bentonite powder of all the 
bags of each type was mixed together for homo- 
genization. 
The mineralogical characteristics of MX80a were 
presented by Montes-Hernandez [5]. Table 1 shows the 
major elements dose in oxide percentage of this 
bentonite determined by three laboratories in France 
(LEM, CREGU, and CGS). The results presented by 
Madsen [2] are also introduced in this table. In the 
work of Madsen [2], the MX80 bentonite was provided 
by the Bentonit International GmbH Company 
(Duisburg, Germany). It was observed that the results 
obtained by different laboratories on two bentonites 
from two different providers were similar. 
 
Table 1 Chemical composition of MX80 bentonite (%). 
Researcher SiO2 Al2O3 Fe2O3 FeO MnO MgO 
LEM 58.78 18.03 4.05 — 0.02 2.06 
CREGU 57.39 18.65 4.14 — <l.d. 2.17 
CGS 58.52 17.23 4.14 — 0.027 2.23 
CGS 58 17.09 3.82 — 0.027 2.22 
Madsen [2] 60.25 19.61 3.75 0.13 0.001 2.38 
Researcher CaO Na2O K2O TiO2 P2O5 P.F. Total 
LEM 1.38 2.14 0.61 0.14 0.25 15.38 99.84 
CREGU 1.41 2.18 0.63 0.14 0.25 12.85 99.82 
CGS 1.57 2.17 0.63 0.138 0.32 12.98 99.955 
CGS 1.42 2.21 0.62 0.127 0.27 14.17 99.974 
Madsen 1.83 0.03 0.1 — — — — 
Note: P.F.: loss by combustion; l.d.: detection limit. 
 
Table 2 presents the mineralogical composition of 
MX80 bentonite obtained from several works. This 
clay is composed mainly of montmorillonite (>70%). 
Other minerals can be also found as phlogopite, 
plagioclase, alaskite feldspar, quartz, cristobalite, and 
anatase. Results obtained by Madsen [2] and Lajudie et 
al. [6] were similar. Nevertheless, they were slightly 
different from that of Montes-Hernandez [5]. 
As the MX80 bentonite is composed mainly of 
montmorillonite, the crystal structure of this mineral 
has a strong effect on the properties of this clay. The 
unit lamella of montmorillonite has a structure with 
one octahedral sheet sandwiched between two 
tetrahedral sheets. Exchangeable cations located between 
lamellas can be Na+, Mg2+ or Ca2+. A clay particle is 
composed of a stack of several lamellas. 
 
Table 2 Mineralogical composition of MX80 bentonite (%). 
Researcher 
Montmo- 
rillonite 
Phlogopite Pyrite Calcite
Brown 
spar 
Anatase
Lajudie et al.[6] 75 — — 1.4 — — 
Montes- 
Hernandez et al.[5]
79.23.0 3.03.0 0.6 0.80.6 1.10.4 0.1 
Madsen [2] 75.5 — 0.3 1.4 — — 
Researcher Plagioclases Feldspar Phosphate Quartz Fe2O3
Organic
matter
Lajudie et al.[6] — 5–8 — 15.2 — 0.4 
Montes- 
Hernandez et al.[5]
9.23.0 2.02.0 0.6 2.82.8 0.50.4 0.1 
Madsen [2] — 5–8 — 15 — 0.4 
 
The number of lamellas in one particle and the 
thickness of the particle depend on the exchangeable 
cations, the water content, the temperature, and the 
clay preparation procedure. An anisotropic aggregate 
of particles constitutes a grain of montmorillonite. A 
compacted bentonite clay sample is in fact a pack of 
clay grains [7]. With this structure, water is absorbed 
by montmorillonite mineral and enters between 
lamellas and opens then the interlayer space. These 
phenomena generate the high water retention capacity 
and the swelling capacity. 
The properties of MX80 bentonite found in the 
literature are shown in Table 3. The montmorillonite 
content varies from 75% to 90%. The exchange capacity 
of Na+ shows that this bentonite presents mainly  
 
Table 3 Properties of MX80 bentonite. 
Researcher 
Montmo-
rillonite 
(%) 
C.E.C 
(meq/(100g)) 
Ion concentration (meq/(100g)) 
Na+  K+ Ca2+ Mg2+ 
Pusch [8] 80-90 — 60 — 5 3 
Lajudie et al. [6] 75 79 56 2.3 30.1 15.6 
Saiyouri et al. [9] — 82.3 79.8 — 5.28 — 
Sauzeat et al. [10] 82 — — — — — 
Madsen et al. [12] 75.5 76 62.4 0.2 7.4 3 
Researcher 
Liquid 
limit 
 (%) 
Plastic  
limit  
(%) 
Plasticity  
index 
Particle 
density 
(Mg/m3)
Specific 
surface 
area(m2/g)
Pusch [8] — — — — 700 
Lajudie et al. [6] 400 70 330 2.7 — 
Saiyouri et al. [9] — — — — 522.03 
Sauzeat et al. [10] 520 46 474 2.65 — 
Madsen et al. [12] — — — 2.76 562 
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sodium cation in spite of the fact that this value 
slightly changes from one to other work. This 
discrepancy can be also observed on the Atterberg 
limits and the specific surface area. In spite of this 
discrepancy, we can always classify the MX80 
bentonite as a very highly plastic clay. In fact, its high 
activity results from the high montmorillonite content. 
As the montmorillonite content and the exchangeable 
cations can change with time during the exploration 
and mining procedures, these properties determined 
from different works in different times (from 1982 to 
2000) have, in consequence, some discrepancy. 
 
3  Experimental procedures  
 
Vapour equilibrium technique was used to control 
the soil suction in bentonites [11]. The apparatus used 
to measure the thermal conductivity of compacted clay 
samples in the present work is a commercial thermal 
properties analyzer. Its principle is based on the hot 
wire method in which thermal conductivity is calculated 
by monitoring the heat dissipation from a linear heat 
source at given voltage. The thermal probe consists of 
a heating wire (60 mm in length and 1.28 mm in 
diameter) and a thermistor installed in the middle of 
the wire. During measurement, the controller firstly 
heats the probe and records then the variation of the 
temperature monitored by the thermistor. The thermal 
conductivity is finally calculated from these data by 
the controller. The dimensions of the compacted 
bentonite sample are about 50 mm in diameter and 70 
mm in height. The probe is inserted in the middle of 
the sample for measurements [4]. 
Prior to utilization, the soils were firstly sieved to 
obtain particles less than 2 mm. On one hand, MX80a 
bentonite that had an initial water content of 17.4% 
was dried with a suction of 110 MPa (that corresponds 
to a relative humidity of 44% at 20 °C). At equilibrium, 
water content of this bentonite was 8.4%. On the other 
hand, MX80b bentonite that had an initial water 
content of 11.9% was dried at a suction of 110 MPa 
and wetted at a suction of 39 MPa. The water contents 
at equilibrium were 9.0% and 17.9%, respectively.  
The MX80a bentonite at 8.4% water content was 
used to compact statically 15 specimens (8 mm in 
height and 20 mm in diameter) in a mould. The dry 
density of these samples was 1.65 Mg/m3. These 
specimens were then divided in 5 groups of 3 
specimens and wetted at 5 suction values: 82 MPa 
(solution of Mg(NO3)2); 39 MPa (solution of NaCl); 20 
MPa (solution of KCl); 4.2 MPa (solution of K2SO4); 
and 0 MPa (distilled water). These specimens were 
then weighed every 3 days until the stabilization of 
their weight. This stabilization shows the equilibrium 
between the soil suction and the suction applied by the 
saturated saline solution. The water content and the 
dimensions of these specimens were finally determined 
at equilibrium. In addition to these test, the MX80a 
bentonite at 8.4% water content was equally used to 
compact 4 specimens at dry density from 1.45 Mg/m3 
to 1.75 Mg/m3 for the measurement of thermal 
conductivity. The MX80a bentonite that had a water 
content of 17.4% was also used to compact 4 
specimens at dry density from 1.5 Mg/m3 to 1.75 
Mg/m3 for the study of the thermal conductivity. 
The MX80b bentonite was also used to compact 
several specimens with dry densities from 1.45 to 1.80 
Mg/m3 for the study of the thermal conductivity: 6 
specimens at a water content of 9.0%; and 4 specimens 
at 17.9%. For the study of the water retention property 
and the swelling property, MX80b bentonite at 9.0% 
was isotropically compacted under a pressure of 40 
MPa. After the compaction, the dry density of the clay 
sample was 1.82 Mg/m3. This clay sample was 
manufactured to create 2 specimens that were 10 mm 
high and 80 mm in diameter. These specimens were 
then wetted at suctions of 39 and 9 MPa. The 
dimensions and the water content of these specimens at 
equilibrium were finally determined. 
 
4  Experimental results and discussion 
 
In Fig.1, the thermal conductivity of compacted 
MX80 bentonite samples measured is plotted as a 
function of dry density and water content. On one hand, 
it was observed that, in each series with equal contents, 
the higher the dry density was, the higher the thermal 
conductivity was. On the other hand, the effect of  
 
 
 
 
 
 
 
 
 
 
Fig.1 Experimental results of thermal conductivity as a function 
of dry density and water content on two bentonite samples. 
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water content on the thermal conductivity can be noted 
from these results. The thermal conductivity of 
compacted samples at water content of 17.4%–17.9% 
is notably higher than that at water contents of 
8.4%–8.9% with the same dry density. To explain this 
trend, we can imagine that at a constant dry density, 
the rise of water content increases the quantity of pore 
water, which favors the thermal transfer in a soil 
sample. 
Once the effects of water content and dry density are 
investigated, the effect of mineralogy on the thermal 
conductivity can be analyzed from the results shown in 
Fig.1. The thermal conductivity of compacted MX80a 
bentonite at a water content of 17.4% is slightly higher 
than that of compacted MX80b bentonite at a higher 
water content (17.9%). This difference is more 
significant between the MX80a bentonite at a water 
content of 8.4% and the MX80b bentonite at a water 
content of 8.9%. These observations reveal that the 
thermal conductivity of the MX80a bentonite is 
intrinsically higher than that of the MX80b bentonite. 
A closer examination on the mineral composition of 
MX80 bentonites presented in Table 2 showed that this 
difference probably results from the quartz proportion. 
Indeed, the quartz proportion varies from 2.8%-2.8% 
to 15.2% in different works. As the thermal conductivity 
of this mineral is significantly higher than that of the 
others 8.8 W/(m·K) for quartz and 2.5 W/(m·K) for 
other minerals), the proportion of quartz may 
significantly affect the thermal properties. The work of 
Tarnawski et al. [12] confirms the effect of quartz 
content on the soil thermal conductivity.  
The results obtained on the MX80a bentonite of the 
present work were compared with that of Kahr and 
Müller-Vonmoos [13] to investigate the mineralogical 
effect on the thermal conductivity of compacted 
bentonite. Kahr and Müller-Vonmoos [13] measured the 
thermal conductivity of compacted MX80 bentonite at 
water contents of 7% and 14% with dry densities varying 
from 1.40 to 2.20 Mg/m3. All these results are presented 
in Fig.2. It was observed that the thermal conductivity of 
the MX80 bentonite studied by Kahr and Müller- 
Vonmoos is considerably higher than that of MX80a 
bentonite studied in the present work. Actually, at water 
content of 14%, the thermal conductivity of MX80 
measured by Kahr and Müller- Vonmoos is higher than 
that of MX80a bentonite at the same dry density with 
higher water content (w = 17.4%). In addition, at a water 
content of 7%, the thermal conductivity of MX80 
bentonite measured by Kahr and Müller-Vonmoos is 
higher than that of wetter samples of MX80a bentonite at 
the same dry density. The difference is the only reason to 
explain these observations. 
 
 
 
 
 
 
 
 
 
 
Fig.2 Comparison of thermal conductivity as a function of dry 
density and water content with results in literature. 
 
Besides the effect of mineralogy on the thermal 
conductivity of two MX80 bentonite samples, the 
results on the water retention properties were analyzed. 
At the first sight, it was observed that drying of two 
bentonite powders at a suction of 110 MPa gave a 
slight difference in the final water content: 8.4% for 
MX80a and 9.0% for MX80b as noted previously. We 
can conclude that the water retention capacity of 
MX80b is higher than that of MX80a. On the other 
hand, the MX80a bentonite had a higher thermal 
conductivity than that of the MX80b bentonite. It was 
supposed then that quartz proportion of the MX80a 
bentonite was higher than that of the MX80b. We can 
conclude afterward that the montmorillonite proportion 
of the MX80b bentonite is as a result slightly higher 
than that of the MX80a bentonite. This conclusion is in 
agreement with the observation that the water retention 
capacity of the MX80b was higher.  
However, as shown in Fig.3, the mineralogical effect 
on the water retention curve was very small. In this 
figure, the final water contents were plotted versus the 
suction imposed on all the samples tested in the present 
work. The relationship between suction and water 
content seems to be identical for the two MX80 
bentonites. Actually, the water retention curve of 
compacted bentonite depends on the hydrological 
history, the dry density, the temperature, and the 
exchangeable cations [1], [5], [9], [11]. It was observed 
that the results obtained on compacted specimens were 
identical to that obtained from powder. The effects of 
mineralogy and dry density on the water retention 
curves of MX80 bentonite in that case were then 
negligible. 
To analyze the possible effect of mineralogy on the 
water retention curve, the results on the wetting 
compacted MX80 bentonite samples collected from 
several works are presented in Fig.4. These specimens 
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Fig.3 Water retention curves of two MX80 bentonites. 
 
 
 
 
 
 
 
 
 
 
Fig.4 Water retention curves of compacted bentonite samples. 
 
water content (about 10%). Tests were performed at 
ambient temperature, and the soil samples were wetted 
from initial suction of 110 MPa. Therefore, if there is a 
possible difference between these tests, the only reason 
must be the difference in mineralogy. Furthermore, it is 
observed in Fig.4 that the four water retention curves 
are similar. The mineralogical effect on the water 
retention curve of MX80 bentonite is then negligible: it 
was less than the dispersion of the experimental results. 
The mineralogical effect on the swelling behavior of 
the two MX80 bentonites was finally analyzed. The 
dimensions of compacted bentonite specimen were 
measured at equilibrium of wetting tests. The deforma- 
tions of these specimens under wetting were plotted 
versus applied suction in Fig.5 for tests on the two 
MX80 bentonites. In the case of the MX80a bentonite, 
samples were compacted in a mould at an initial dry 
density of 1.65 Mg/m3. This one-dimensional compact- 
tion gave an anisotropic structure to the specimen. That 
is the reason why the axial swelling was four times 
higher than the radial swelling during wetting from a 
suction of 110 to 0.1 MPa. The final volumetric 
swelling of these samples was about 30%. On the other 
hand, the MX80b bentonite powder was compacted 
using isotropic compaction at a dry density of 1.82 
Mg/m3. As a result, the axial swelling and the radial  
 
 
 
 
 
 
 
 
 
 
 
Fig.5 Swelling upon wetting of compacted MX80 bentonites. 
 
swelling were identical during wetting. However, the 
volumetric swelling reached 50% after the wetting 
from a suction of 110 to 9 MPa. We can conclude that 
the swelling capacity of compacted MX80b bentonite 
samples was higher than that of compacted MX80a 
bentonite samples. 
Komine and Ogata [14] noted that the maximum 
swelling strain of compacted bentonite increases with 
the increase of initial dry density. In the present work, 
the initial dry density of samples was similar (1.65 
Mg/m3 for MX80a bentonite and 1.82 Mg/m3 for 
MX80b bentonite). In addition, the difference in 
swelling strain was significant (30% for MX80a 
bentonite and 50% for MX80b bentonite). Therefore, 
we can conclude that this difference in swelling strain 
resulted not only from the initial dry density effect but 
also the mineralogical effect. The previous studies on 
the thermal conductivity and the water retention 
capacity lead us to believe that the proportion of quartz 
of MX80a bentonite is higher than that of MX80b 
bentonite and the proportion of montmorillonite of 
MX80a bentonite is lower. These assumptions are in 
agreement with the observations that the swelling 
capacity of MX80a bentonite is lower than that of 
MX80b bentonite. In fact, the montmorillonite is the 
main mineral that generates the swelling behavior and 
the water retention capacity of bentonite. 
In conclusion, once we accepted the assumption that 
the MX80a bentonite contains more quartz and less 
montmorillonite than the MX80b bentonite, all the 
observations on the thermal conductivity, water 
retention curves and swelling capacity analyzed in the 
present work can be easily explained by the minera- 
logical effects. 
 
5  Conclusions 
 
Two types of MX80 bentonites were analyzed in the 
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present work. Significant differences in the thermal 
conductivity and the final swelling strain were 
observed on these two bentonites. However, the 
difference in the water retention curves was negligible. 
These results were then explained by the mineralogical 
effect where the proportion of quartz (mineral that has 
a very high thermal conductivity value) and the 
proportion of montmorillonite (mineral that gives the 
high activity to the bentonite) were taken in account. 
With these explanations, the results of three different 
properties obtained on compacted MX80 bentonite are 
consistent. However, it should be noted that an analysis 
of the mineralogical composition of the materials used 
would be useful to verify these explanations.  
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